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ENCLOSURE FOR LEAK DETECTOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application 61/523,274, filed on Aug. 12,2011, which
is hereby incorporated herein in its entirety by reference.

FIELD

[0002] This disclosure relates to pipeline leak detection,
and more particularly relates to detecting leaks in water dis-
tribution systems.

BACKGROUND

[0003] Water utility companies provide water to customers
through a network of water pipes. The size of pipes may vary
depending on the volume of water that is designed to flow
through a particular section of pipe. For example, large water
mains may provide water distribution in areas close to the
source of the water and the size of pipes may decrease as the
distance from the source increases. One concern for water
utility companies is the loss of water through leaks in the
pipes. Not only do leaks waste clean potable water, but some-
times contaminants may be introduced into the water supply
from outside the pipes.

[0004] Due to the rapidly escalating costs of potable water,
the scarcity of fresh water supplies, and the increasing costs
for water treatment and distribution, minimizing leaks in
water distribution systems is a goal of both public and private
water distribution utilities. If a leak is not particularly con-
spicuous, it may go undetected for months at a time without
repair. It is therefore important to be able to detect leaks early.
One technique for detecting leaks is to measure pressure.
However, a leak in a piping system may not necessarily pro-
duce a head pressure that appears as a change from normal
pressures. The presence of “silent leaks” (undetected leaks)
diminishes the value of a system that detects leaks based on
head pressure since reducing leaks is the reason water com-
panies install the system in the first place. In addition to
allowing leaks to go undetected, another issue with existing
leak detection systems is the high rate of false alarms. A false
alarm, for instance, may cause extraneous and costly main-
tenance activity or it may diminish the effectiveness of the
detection system since operators may start to ignore leak
warnings. There is therefore a need for a leak detection sys-
tem that accurately detects leaks in a network of water pipes.

SUMMARY

[0005] The present disclosure describes systems, methods,
and devices for detecting leaks in a pipe. According to an
embodiment of the present disclosure, a leak detector is dis-
closed, wherein the leak detector comprises a sensor assem-
bly that includes at least one sensor configured to sense acous-
tic signals. The leak detector also includes at least one printed
circuit board coupled to the sensor assembly. The printed
circuit board is configured to support a processing device,
which includes at least a microcontroller unit and a digital
signal processor. The microcontroller unit is configured to
continually receive acoustic signals from the sensor assembly
and the digital signal processor is configured to remain in a
sleep mode except when the microcontroller unit wakes the
digital signal processor from the sleep mode at predetermined
times.

Feb. 14,2013

[0006] According to another embodiment of the present
disclosure, a method is disclosed. The method includes the
steps of placing a digital signal processor in a sleep mode,
wherein the digital signal processor is incorporated in a leak
detector. The method also includes determining whether a
request is received from a host to awaken the digital signal
processor and awakening the digital signal processor when
the request is received. In addition, the method includes the
step of determining whether an urgent event related to a leak
in a water main has been detected by a microcontroller unit
and awakening the digital signal processor when the urgent
event is detected, and then enabling the digital signal proces-
sor to analyze acoustic signals when awakened.

[0007] Various implementations described in the present
disclosure may include additional systems, methods, fea-
tures, and advantages, which may not necessarily be
expressly disclosed herein but will be apparent to one of
ordinary skill in the art upon examination of the following
detailed description and accompanying drawings. It is
intended that all such systems, methods, features, and advan-
tages be included within the present disclosure and protected
by the accompanying claims.

DESCRIPTION OF THE FIGURES

[0008] The features and components of the following fig-
ures are illustrated to emphasize the general principles of the
present disclosure. Corresponding features and components
throughout the figures may be designated by matching refer-
ence characters for the sake of consistency and clarity.
[0009] FIG. 1 is a block diagram illustrating a leak detec-
tion system according to various implementations of the
present disclosure.

[0010] FIG. 2 is a block diagram illustrating a mesh net-
work according to various implementations of the present
disclosure.

[0011] FIG. 3 is a diagram illustrating an example of a
water distribution system.

[0012] FIG. 4 is adiagram illustrating an example of leak in
a main of a water distribution system.

[0013] FIG. 5is a cross-sectional view of a leak detector of
the current disclosure disposed in a nozzle cap of a fire
hydrant in accord with one embodiment of this disclosure.
[0014] FIG. 6 is a cross-sectional perspective view of the
leak detector of FIG. 5 in a nozzle cap, viewed from inside the
hydrant.

[0015] FIG. 7is atop view of a vibration sensor of the leak
detector of FIG. 5 in accord with one embodiment of the
current disclosure.

[0016] FIG. 8 is a side view of two vibration sensors, as
disclosed and shown with reference to FIG. 7, connected
together using adhesive, in accord with one embodiment of
the current disclosure.

[0017] FIG. 9 is a cross-sectional view of a nozzle cap
including the leak detector of FIG. 5.

[0018] FIG.10isacross-sectional view of aleak detector of
the current disclosure disposed in a nozzle cap in accord with
one embodiment of this disclosure.

[0019] FIG. 11 is a perspective view of the inside of an
enclosure in accord with one embodiment of the current dis-
closure.

[0020] FIG. 12 is a perspective view of the inside of a leak
detection subassembly in accord with one embodiment of the
current disclosure.
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[0021] FIG.13 is across-sectional view ofa leak detectorin
accord with one embodiment of the current disclosure con-
nected to a fire hydrant.

[0022] FIG. 14 is aclose-up cross-sectional view of the leak
detector of FIG. 13.

[0023] FIG.151s aclose-up cross-sectional view of the leak
detector of FIG. 13 taken along the plane indicated by line 15
in FIG. 14.

[0024] FIG.16is across-sectional view of the leak detector
of FIG. 13 taken along the plane indicated by line 16 in FIG.
14.

[0025] FIG. 17 is a perspective view of the inside of a leak
detection subassembly in accord with one embodiment of the
current disclosure.

[0026] FIG. 18 is a block diagram illustrating a leak detec-
tion system according to various implementations of the
present disclosure.

[0027] FIG. 19 is a block diagram illustrating the host
shown in FIG. 1 according to various implementations.
[0028] FIG. 20 is a block diagram illustrating a leak detec-
tor according to various implementations of the present dis-
closure.

[0029] FIG. 21 is a block diagram illustrating the process-
ing device shown in FIG. 20 according to various implemen-
tations of the present disclosure.

[0030] FIGS. 22A, 22B, and 22C are schematic diagrams
illustrating the processing device shown in FIG. 20 according
to various implementations of the present disclosure.

[0031] FIG. 23 is a block diagram illustrating the digital
signal processor (DSP) shown in FIG. 22C according to vari-
ous implementations of the present disclosure.

[0032] FIG. 24 is a graph illustrating an example of signals
detected by the sensor assembly shown in FIG. 20.

[0033] FIG. 25 is a block diagram illustrating the commu-
nication device shown in FIG. 20 according to various imple-
mentations of the present disclosure.

[0034] FIG. 26 is a diagram illustrating a carrier board in
accord with one embodiment of the current disclosure.
[0035] FIG. 27 is a flow chart of an initiation method in
accord with one embodiment of the current disclosure.
[0036] FIG. 28 is a flow chart of a monitoring method in
accord with one embodiment of the current disclosure.
[0037] FIG. 29 is a flow chart of a monitoring method in
accord with one embodiment of the current disclosure.
[0038] FIG. 30 is a flow diagram illustrating a method
regarding sleep/wake times of components of a processing
device shown in FIG. 20 according to various implementa-
tions of the present disclosure.

[0039] FIG. 31 is a perspective view of a jig for punching
mounting holes in accord with one embodiment of the current
disclosure.

[0040] FIG. 32 is a perspective view of a cup of the jig of
FIG. 31.

[0041] FIG. 33 is a perspective view of the cup of FIG. 32.
[0042] FIG. 34 is a perspective view of a support of the jig
of FIG. 31.

[0043] FIG. 35 is a perspective view of a support of the jig
of FIG. 31.

[0044] FIG. 36 is a perspective view of a punch of the jig of
FIG. 31.

[0045] FIG. 37 is a top view of the punch of FIG. 36
[0046] FIG. 38 is a bottom view of the punch of FIG. 36.
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DETAILED DESCRIPTION

[0047] The present disclosure describes systems and meth-
ods for detecting leaks in a water distribution system. In the
present disclosure, a distinction may be made between dif-
ferent sizes of water mains, for example, those having a larger
diameter and those having a smaller diameter. Using acoustic
data and pressure data that is sensed by various types of
sensors in contact with the water pipes, leaks can be detected.
The leak detection information can be communicated to the
utility provider for further analysis. Depending on the type of
leak, maintenance personnel may be deployed to repair or
replace leaky pipes in the water distribution system.

[0048] Minimizing leaks in the water distribution system is
recognized as a critical success factor for water distribution
utilities, especially due to the scarcity of fresh water supplies,
the cost of water treatment, and the costs for water distribu-
tion. The present disclosure provides an autonomous leak
detection system that overcomes the limited effectiveness of
existing leak detection systems with attendant high false
alarm rates (dry hole) and undetected leaks. The water leak
detection systems and methods disclosed herein provide con-
tinuous leak detection so that water utilities may be automati-
cally alerted to pipe breaks in their system, allowing them to
rapidly dispatch repair crews to minimize customer service
disruption and simultaneously minimize sub-surface dam-
age.

[0049] Many municipal piping systems hold pressures in
excess of several hundred pounds per square inch (psi or
1b/in®). When a leak forms in a piping member, the leaking
water produces vibrations as it passes from inside the piping
member to outside. Under the pressure of the municipal pip-
ing system, vibrations in the piping member can be of fre-
quencies in the audible range and be of detectable amplitude.
Most vibrations range from 0 Hz to 3000 Hz.

[0050] The leak detection systems of the present disclosure
are compatible with all distribution pipe types, including
PVC pipes and PVC repair sleeves. The present systems have
the ability to detect leaks as small as 1 gallon per minute and
can localize a leak to within several meters. Also, the present
systems have a high accuracy rate as measured by the per-
centage of leaks identified and a minimal percentage of false
alarms. Another advantage of the present systems is the abil-
ity to provide continuous monitoring for burst pipes or large
leaks, which may require immediate attention.

[0051] Insome embodiments, the systems and methods of
the present disclosure may provide surveillance of fire
hydrants, which are attached to the water distribution system,
to alert the utilities of hydrant damage (e.g., from a vehicle
accident) and hydrant tampering (e.g., unauthorized water
flow or water theft). The hydrant monitoring may also include
determining if hydrant caps are stolen or if hydrants are
opened to introduce foreign substances, sending immediate
alerts when hydrants are opened, detecting the closing of
hydrants, sending updated status alerts, providing a map of
hydrant openings similar to OMS outages, etc.

[0052] Included below are embodiments of a device, a sys-
tem, and a method for, among other functions, detecting leaks
in pipelines. The system utilizes vibration sensors to detect
leaks. In some embodiments, the vibration sensors may be
placed inside a housing. In some embodiments, the housing
may be a watertight housing. The system may be configured
for use in both wet and dry barrel hydrants in various embodi-
ments. In some embodiments, vibration sensors may be
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placed inside a nozzle cap of the fire hydrant. In various
embodiments, vibration sensors may be placed inside a bon-
net of the fire hydrant.

[0053] This disclosure describes various embodiments of a
device, method, and system for detecting leaks in piping
members by sensing the previously-described vibrations in
piping systems. The present disclosure describes sensing
such vibrations using vibration sensors disposed in a fire
hydrant.

[0054] FIG. 1 is a block diagram illustrating an embodi-
ment of a leak detection system 10. The leak detection system
10 comprises a server 13, an operator system 14, a commu-
nication network 16, a client system 18, a host 20, and a mesh
network 22. The host 20 is configured to communicate with a
plurality of “nodes” of the mesh network 22. The nodes may
include leak detectors, and in some embodiments may also
include customer meter devices, relay devices, system status
detecting devices, and other communication devices. The
nodes are configured for communicating leak detection infor-
mation and/or utility information from the nodes or meter to
the host 20.

[0055] According to various implementations of the
present disclosure, the host 20 may be configured to receive
information from leak detectors, which are connected within
the mesh network, pertaining to the status of various water
pipes in a water distribution system of a water utility com-
pany. The leak detectors may be configured to provide infor-
mation related to various measurements, such as acoustic,
pressure, or vibration measurements. This information may
be stored by the host 20 for historic purposes for determining
a baseline waveform indicative of a properly operating water
distribution system. When later signals are received that indi-
cate excessive acoustic or vibration activity, the host 20 may
be configured to determine that a leak has been detected.
[0056] Also shown in FIG. 1 is a server 13 that may be
configured to provide much of the leak detection analysis to
assist the host 20. The server 13 may be part of the utility
company (e.g., water utility company) and provide commu-
nication with other users via the communication network 16.
In some embodiments, the server 13 may be part of a com-
pany responsible for managing the utility measurement data
or for providing monitoring services for communicating
issues (e.g., leaky pipes) in the utility infrastructure to the
various utility companies. The communication network 16 in
these embodiments may be a local area network (LAN), wide
area network (WAN), such as the Internet, or any other suit-
able data communication networks. The communication net-
work 16 may also include other types of networks, such as
plain old telephone service (POTS), cellular systems, satellite
systems, etc.

[0057] The operator system 14 shown in FIG. 1 may rep-
resent a computer system that is operated by personnel of a
company managing the leak detection systems and utility
measurement devices within the mesh network 22. In some
respects, the operator system 14 may include an administrator
for the leak detection system 10. In some circumstances, as
described in more detail below, the user of the operator sys-
tem 14 may be provided with information indicating that an
event has occurred that requires immediate response. For
example, if a large leak, or burst event, has occurred in one of
the water mains, resulting in a large amount of water escaping
from the mains, the user of the operator system 14 may need
to deploy maintenance or repair personnel to resolve the burst
issues. The server 13 and/or host 20 may detect extreme
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events, such as a burst in a pipe, and provide an alarm to the
operator system 14. The alarm may be in the form of an
automated e-mail, a pop-up window, an interrupt signal or
indication on a computer of the operator system 14, or other
suitable message signifying an urgent event.

[0058] The client system 18 may include a computer sys-
tem used by the utility provider. In this respect, the client
system 18 may be a client of the administration company that
manages the utility measurement data and/or provides moni-
toring services regarding the status of the utility infrastruc-
ture. The client system 18, therefore, may be able to receive
and to review status updates regarding the infrastructure.
Alarms may be provided to the client system 18, which may
then be acknowledged and confirmed. The client system 18
may also receive historic data and manage the customer’s
accounts and usage information. In some embodiments,
information may be provided to the client system 18 in a
read-only manner.

[0059] FIG. 2 is a block diagram showing an embodiment
of the mesh network 22 of FIG. 1, shown in a hierarchical
configuration. Although the mesh network 22 may typically
be distributed throughout a geographical region, the block
diagram of FIG. 2 shows a hierarchy to emphasize the parent/
child relationships among the various components. As illus-
trated, the mesh network 22 includes the host 20, a first level
of intermediate nodes 34, a second level of intermediate
nodes 36, a lowest level of intermediate nodes 38, and meters
40. In some embodiments, the intermediate nodes 34,36,38
may include leak detectors for detecting leaks, where com-
munication with the host 20 may include forwarding infor-
mation up the hierarchy via other intermediate nodes 34,36,
38 which may be on the same level or a different level. The
intermediate nodes 34,36,38 may be configured as stand-
alone devices for assisting in the transfer of data between the
host 20 and leak detectors (or meters 40). The intermediate
nodes 34,36,38 may also include a combination of leak detec-
tors and stand-alone devices. The mesh network 22 may
include any number of levels X of intermediate nodes
between the host 20 and the meters 40.

[0060] The host 20, intermediate nodes 34, 36, 38, and
meters 40, according to various implementations, may com-
prise circuitry and functionality to enable radio frequency
(RF) communication among the various components. The
dashed lines shown in FIG. 2 may therefore represent RF
communication channels between the different components.
In other embodiments, the devices may communicate with
the host 20 by a cellular service, via cellular towers and/or
satellites. The wireless communication between the devices
20, 34, 36, 38, and 40 may be active during some periods of
time (when two respective devices are linked) and may be
inactive during other periods of time (when the devices are
not linked and/or are in sleep mode). Alternatively, any of the
nodes may be connected together through wired connections.
[0061] FIG. 3 is a diagram illustrating an example of a
portion of a water distribution system 50. It should be under-
stood that the portion of the water distribution system 50 is
shown merely as an example and does not necessarily depict
a specific water utility. The water distribution system 50 in
this example includes a utility provider 52, such as a water
utility company, and various water mains. The water mains
include transmission mains 54 (shown by thicker lines),
which may include water pipes having an inside diameter of
at least twelve inches. The water mains also include distribu-
tion mains 56, which may include smaller pipes having an
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inside diameter of less than twelve inches. The transmission
mains 54, having a greater size, may be configured to allow a
greater amount of water flow in comparison with the distri-
bution mains 56. The transmission mains 54 may be located
nearer to the utility source (e.g., utility provider 52) and the
distribution mains 56 may be located farther from the utility
provider 52. In some systems, distribution mains 56 may be
located along secondary roads or residential roads. The water
distribution system 50 also includes a number of fire hydrants
58 (shown as dots), which are spaced along the distribution
mains 56. Although not shown, the fire hydrants 58 may also
be tapped into the larger transmission mains 54. In some
embodiments, the fire hydrants 58 may be spaced up to a
distance of about 1,500 feet from each other.

[0062] According to various embodiments of the present
disclosure, leak detection devices may be attached to the fire
hydrants 58. In some embodiments, leak detection devices
may be attached to each hydrant 58 while other embodiments
may include attachment with about every other one of the
hydrants 58. In FIG. 4, two adjacent fire hydrants 58 are
shown, connected to the mains 54/56 for detecting a leak,
such as leak 60. Because of the nature of a water leak, such as
leak 60, acoustic signals or vibration signals can be detected
onthe components (e.g., mains 54 or 56, fire hydrants 58, etc.)
of the water distribution system 50. Particularly, leak detec-
tors may be mounted on the mains 54/56 themselves or may
be mounted on the hydrants 58. When two adjacent leak
detectors, such as sensors mounted on hydrants 58 nearest to
the leak 60, are able to pick up acoustic signals with sufficient
strength, the signals may be used to detect the presence of a
leak.

[0063] FIG.5 shows a fire hydrant 58 with one embodiment
of a leak detector 100 of the current disclosure attached
thereto. A nozzle cap 15 is shown attached by threading 21 to
the hydrant threading 12 of the fire hydrant 58. A nozzle cap
gasket 23 helps seal the connection between the nozzle cap 15
and the fire hydrant 58. In some embodiments, the leak detec-
tor 100 and the nozzle cap 15 will be included together as one
system or may be integrally formed in some implementations.
Enclosure threading 25 of the nozzle cap 15 allows connec-
tion of attachment threading 105 of the leak detector 100. The
leak detector 100 includes an enclosure 110, an antenna 120,
an antenna cable 125, a battery 130, a circuit board 135, and
at least one vibration sensor 150a,c (1505 shown in other
FIGS., 150d referenced in other FIGS.) attached to the enclo-
sure by at least one bolt 1554,¢ (1555,d shown in other
FIGS.). In various embodiments, a washer (not shown) may
be inserted between the bolt 155 and the vibration sensor 150.
In some embodiments, the washer is made of nylon or other
nonconductive material to avoid contact of a metal bolt 155
with electrical circuitry. In other embodiments, the bolt 155
may be made of nonconductive material. In various embodi-
ments, a washer (not shown) may be placed between each
vibration sensor 150 and the enclosure 110 to prevent contact
with electrical circuitry.

[0064] The circuit board 135 includes preamplifiers for the
vibration sensors 150, audio codec processing, signal pro-
cessing, and memory (including RAM, ROM, programming
memory, and storable media). Two circuit boards 135 may be
used in some embodiments. In some embodiments, one cir-
cuit board 135 may be used for digital signal processing while
another circuit board 135 may be used for radio frequency
communications.
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[0065] Any number of vibration sensors 150q,b,c,d may be
used in the leak detector 100. Four vibration sensors 150a, b,
¢,d are present in the current embodiment. An eight vibration
sensor 150 configuration has also been tested. Any number of
bolts 155a,b,c,d may be used in various embodiments,
although four bolts 1554,b,c,d—one per vibration sensor
150a,b,c,d—are present in the current embodiment. Also,
other attachment mechanisms are considered included within
this disclosure. In various embodiments, the vibration sensors
150 will be coated in damping material although such mate-
rial is not required. Sensor damping material is chosen to
dampen frequencies outside of a desired frequency range
within which leak detection is expected.

[0066] In order to repurpose the sensors 150a,b,c,d, a pre-
dictable response must be generated. Piezoelectric material is
highly responsive to alterations. As such, mounting holes 158
(shown in FIG. 7) in the sensors 150a,b,¢,d are repeatably
positioned precisely in the center of each sensor 150a,b5,¢,d. A
jig 1200 (shown in FIG. 31) has been created to effect a
repeatable mounting hole 158 by punching through the vibra-
tion sensor 150, as described elsewhere in this disclosure.
[0067] The enclosure 110 may be made of plastic, metal, or
other generally rigid materials. Because the leak detector 100
of the current embodiment includes an antenna 120 and,
thereby, is intended to transmit wireless signals, the enclosure
110 may be made of non-ferrous materials including brass,
plastic, bronze, and aluminum, among others. However, the
antenna 120 protrudes from the enclosure 110, and, as such,
interference by the enclosure 110 may be minimal in some
embodiments.

[0068] As seen in FIG. 6, each vibration sensor 150a,5,¢,d
in the current embodiment is bolted onto the nozzle cap 15
using one bolt 1554, 5, ¢, d, respectively. Each vibration sensor
150a,b,c,d includes piezoelectric material. Piezoelectric
material generates an electric current in response to bending.
With vibration, piezoelectric material generates a current in
response to the vibration. In some embodiments, each vibra-
tion sensor 150q,b,c,d has a resonance frequency that is tuned
to an anticipated frequency of vibrations generated by an
anticipated leak in a piping member. The resonance fre-
quency may be tuned in some embodiments and may not be
tuned in others.

[0069] As seen with reference to FIG. 7, one embodiment
of the vibration sensor 150 of the current embodiment is
shown. The vibration sensor 150 includes three components.
A base 152 provides a substrate for deposition of other com-
ponents of the vibration sensor 150. In the current embodi-
ment, the base 152 is a disc and is made of brass; however,
various materials and shapes may be used in various embodi-
ments. Deposited onto the base 152 is a piezoelectric layer
154 that is composed of piezoelectric crystals. Deposited
above the piezoelectric layer 154 is a conduction layer 156
that is made of a conductive material deposited on the surface
of the piezoelectric layer 154. Although the piezoelectric
layer 154 appears as a ring from the view of the current FIG.
7, the piezoelectric layer 154 extends fully below the conduc-
tion layer 156.

[0070] As stated elsewhere in this disclosure, the piezoelec-
tric material produces electrical charge in response to bend-
ing, and a waveform of charge may be produced when the
piezoelectric material is exposed to vibration. As such, a
charge differential between the conduction layer 156 and the
base 152 upon bending of the piezoelectric material may be
used to sense the vibrations to which the piezoelectric layer
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154 has been exposed. Therefore, leads 1574, b are soldered to
the base 152 and the conduction layer 156, respectively. The
leads 157a,b allow connection to a processing device or
another electrical device so that the charge differential may be
handled electronically, which may include recordation,
amplification, summation, digital processing, and a number
of other electrical features, described elsewhere in this dis-
closure. A mounting hole 158 is seen in the vibration sensor
150 and is produced as referenced elsewhere in this disclo-
sure. In the current embodiment, the piezoelectric layer 154
and the conduction layer 156 are found on only one side of the
base 152. However, other configurations may be seen in vari-
ous embodiments.

[0071] FIG. 8 shows a side view of two vibration sensors
150" and 150" connected together in back-to-back arrange-
ment in accord with one embodiment of the current disclo-
sure. The profile of each vibration sensor 150',150" can be
seen. Each vibration sensor 150',150" includes the base 152",
152", the piezoelectric layer 154',154", and the conduction
layer 156',156". The thickness of any layer as shown in the
current embodiment is for exemplary purposes only and
should not be considered to scale or in any way limit the scope
of'this disclosure. In the current embodiment, a strip of adhe-
sive 161 is seen between the two vibration sensors 150',150".
In various embodiments, the adhesive 161 may be double-
sided tape, various glues, various coatings including elasto-
meric and silicon coatings among others, and pure adhesives.
In some embodiments, an adhesive layer may not be included.
In such embodiments, a non-conducting spacer may be used,
such as a nylon or rubber spacer.

[0072] Turning to FIG. 9, electrical connections (such as
leads 157a,b in FIG. 7) connect each vibration sensor 1504,
b,c,d with the circuit board 135. Wires form the electrical
connections in the current embodiment. A partition 410 (not
shown) may be included within the enclosure 110 to separate
the vibration sensors 150q,5,c¢,d from the battery 130 and the
circuit board 135. A mating enclosure 305 is included to
house the battery 130 and the circuit board 135. The mating
enclosure 305 may be connected to the enclosure 110 in
several ways, including an integrated construction, plastic
welding, threading, snap-fit, and key/fit arrangements, among
others. A mating gasket 350 helps seal the connection of the
enclosure 110 and the mating enclosure 305.

[0073] The battery 130 and the circuit board 135 may be
encased in waterproof or water-resistant material—also
known as “potting”—such as epoxy, resin, sealant, or RTV,
among others. This potting provides several advantages,
among them providing a water barrier and providing struc-
tural integrity in what may be an extremely high pressure
environment—as previously noted, more than several hun-
dred psi. The battery 130 and circuit board 135 may be
encased individually in some embodiments. In other embodi-
ments, the mating enclosure 305 will include a pot of water-
proof or water-resistant material put inside the mating enclo-
sure 305 after the battery 130 and the circuit board 135 are
placed inside. However, the vibration sensors 150qa,5,¢,d are
not restrained from vibration and are not encased within such
material, as such material may provide unwanted dampening
of'vibrations. As such, the partition 410 (not shown) serves to
separate the items to be encased in waterproof or water-
resistant material from the vibration sensors 150qa,5,c,d. If the
partition 410 is included, it will include at least one hole (not
shown) to allow wires to form the electrical connections. The
antenna cable 125 also connects to the circuit board 135. In
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some embodiments, the battery 130 and circuit board 135 are
encased in waterproof material before the mating enclosure
305 is connected to the enclosure 110.

[0074] AscanbeseeninFIG.9, in the current embodiment,
the enclosure 110 does not enclose all of the features of the
leak detector 100. An antenna enclosure 320 is placed over the
antenna 120 in the current embodiment. The antenna enclo-
sure 320 is separate from the enclosure 110 in the current
embodiment. The antenna 120 protrudes out of the nozzle cap
15. This protrusion aides in allowing the antenna 120 to
communicate wireless signals without interference from the
nozzle cap 15, the enclosure 110, or other features of the fire
hydrant 58 while still protecting the antenna 120 from tam-
pering or from environmental factors. Typically the nozzle
cap 15 is made of cast iron, which may interfere with wireless
signal transmission. The antenna enclosure 320 is made of a
material that does not interfere with wireless signals, includ-
ing non-ferrous materials such as brass, bronze, or plastic,
among others. In the current embodiment, the antenna enclo-
sure 320 is made of plastic. The antenna enclosure 320
includes a bell portion 324, a shaft portion 326, and a reten-
tion ring 328. To place the antenna enclosure 320 into the
assembly of the leak detector 100 and nozzle cap 15, the
antenna enclosure 320 is press-fit into the nozzle cap 15. The
nozzle cap 15 includes a joining portion 335. The joining
portion 335 in the current embodiment is a shelf inset to the
inside of the nozzle cap 15. When the antenna enclosure 320
is pressed into the nozzle cap 15, resilience of the plastic
allows the shaft portion 326 and retention ring 328 to bend
inwardly with respect to the bell 324. Once the retention ring
328 passes the joining portion 335, the resilience of the plastic
allows the antenna enclosure 320 to snap back to its original
shape, thereby allowing the retention ring 328 to prevent the
antenna enclosure 320 from being pulled out. An antenna
enclosure gasket 340 seals the connection between the
antenna enclosure 320 and the nozzle cap 15. Other connec-
tion interfaces are included in this disclosure, including
threading, welding, and sealing with plastic cement, RTV, or
similar materials, among others.

[0075] Enclosure threading 25 of the nozzle cap 15 inter-
acts with attachment threading 105 to secure the enclosure
110 to the nozzle cap 15. An enclosure gasket 345 helps seal
the connection between the enclosure 110 and the nozzle cap
15.

[0076] The leak detector 100 operates by sensing vibration
in the piping system. The piping system translates vibrations
produced by leaks throughout piping members in the system.
Moreover, the ground may conduct some vibrations as well.
The vibrations are translated through the piping system, par-
ticularly through the rigid materials making up the system,
including cast iron piping. This translated vibration travels
through the piping system to the fire hydrant 58, into the
nozzle cap 15 through its connection with the fire hydrant 58,
into the enclosure 110 through its connection with the nozzle
cap 15, into the bolts 155a,b,¢,d through their connections
with the enclosure 110, and into the vibration sensors 150a,
b,c,d through their connections to the bolts 1554,b,¢,d.
Although the mechanical translation of vibrations described
above provides sufficient vibration for detection of leaks, the
piping system may also translate acoustic vibration which
may be sufficient of itself to allow detection by the vibration
sensors 150 as well.

[0077] When vibration is translated into the vibration sen-
sors 150qa,b,c¢,d, the piezoelectric material generates an elec-
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tronic current. The current is transmitted to the circuit board
135 where it is processed as the detection of a leak. The
detection of a leak can then be communicated to a remotely
located communicator or host by the system. In various
embodiments, sensors 150a,b,c,d may be all aligned in a
stacked arrangement on one bolt 155' (not shown) and
mounted to one point on enclosure 110. This stacked arrange-
ment may have a different response from other orientations.
Various other orientations may be used as well.

[0078] In operation, the leak detector 100 may be config-
ured to operate and to detect leaks at all times.

[0079] However, to preserve battery life, the leak detector
100 may also be configured to awaken on timed intervals to
monitor whether vibrations are present in the system. For
example, the leak detector 100 may awaken on S-minute
intervals in some embodiments or on 10-minute intervals in
other embodiments. In some embodiments, the leak detector
100 will be configured to awaken only at night, or only when
background noises are at a minimum The leak detector 100
may then return to sleep state, which may include all or a
portion of the circuitry to be completely or partially unpow-
ered or in a low power state. The timing of the interval may be
determined by programming If the leak detector 100 deter-
mines that aleak is present in the system, the leak detector 100
may be configured to send a distress signal to a remotely
located communicator or host and/or to store such leak detec-
tion data for later transmission.

[0080] Elimination of noise is effected by amplification of
sensor data because noise is random and not cumulative,
whereas harmonic oscillation is cumulative and additive.
Thus, when sensor output is added together for the four-
sensor arrangement, noise does not amplify but harmonic
oscillation does. The result is that the multiple-sensor
arrangement effectively cancels noise from the amplification
or renders the amplitude of noise so small as compared to
harmonic oscillation in the system that such noise is negli-
gible.

[0081] The leak detector 100 has a relatively high signal-
to-noise ratio. The high value of signal-to-noise ratio comes
from two sources. First, noise is random and does not add, as
described above. Second, because the leak detector 100
includes amplification, it is capable of detecting a lower
threshold because a higher amplitude requires less amplifica-
tion for a quality signal. As such, noise is not amplified
because higher amplitude vibrations are detected more easily.
[0082] With piezoelectric transducers, output generated by
the piezoelectric material is relative to the “quality” of the
piezoelectric material, which is affected by the size of the
crystal making up the material. Large responses are typically
seen from higher quality transducers. Although the leak
detector 100 can function with high-quality piezoelectrics,
vibration sensors 150qa,b,c,d in the current embodiment are
relatively low-cost piezoelectric transducers. In the current
embodiment, vibration sensors 150a,b,¢,d are repurposed
output transducers, not input transducers. The vibration sen-
sors 150a,b,¢,d and array are chosen to provide a low-cost
alternative to sensors that may require higher-quality, more
expensive transducers. The vibration sensors 150a,b,¢,d of
the current embodiment can be mass-produced at a lower cost
leading to a lower cost end product. Although piezoelectric
transducers are used in the current embodiment, other types
of transducers may be used in various embodiments to con-
vert mechanical vibration into electrical signals, including
electromagnetic transducers (such as solenoids and speaker
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technology), laser measurement of vibration of a surface,
microelectromechanical systems (MEMS), and others.
[0083] The leak detector 100 may be in communication
with a mesh network or other communications network to
send and to receive wireless communication of data. Such
systems are described in more detail elsewhere in this disclo-
sure. The leak detector 100 may also have the capability to
store or to log leak detection data until the leak detector 100
is able to be checked, either manually or electronically. In one
embodiment, the leak detector 100 may log over one month’s
worth of leak detection data which may then be downloaded
and analyzed manually or via a wireless communication
device by a person responsible for inspecting pipelines. To
store the leak detection data, in various embodiments the leak
detector 100 may include internal memory configured to store
the leak detection data for download at a later time. Internal
memory may include a hard drive, flash memory, or other
various data storage devices or systems.

[0084] As previously disclosed, an array of leak detectors
100 may be used throughout a piping system. For example, a
leak detector 100 may be used on each fire hydrant 58 in the
piping system (as, for example, in FIGS. 3 and 4). Such a
configuration may address leaks on piping members that are
geographically remote to a particular vibration sensor 150.
Also, such a configuration would allow maintenance workers
to isolate a region of piping in which a leak is most likely
present by determining which leak detectors 100 in the net-
work have the largest amplitude of vibrations.

[0085] Testing was performed comparing the response of
plastic and metal enclosures 110. Acetyl plastic was used for
testing. The response of the vibration sensors 150 was rela-
tively similar for both metal and plastic enclosures 110. In
some cases the low frequency response (below 10 Hz) of the
vibration sensors 150 in the plastic case was lower in magni-
tude or amplitude than that of the metal case, but this response
is not consistent.

[0086] FIG. 10 shows another embodiment of a leak detec-
tor 100'. The current embodiment includes vibration sensors
150a"b’,c" d' (150d" not shown) disposed on bolts 155a',6"¢’,
d' (155b',d" not shown) which are screwed into an enclosure
110". In the current embodiment, the bolts 1554’5’ ¢’ d" allow
the vibration sensors 150a’,b’,¢’,d to float in space as opposed
to bolting down. A mating enclosure 305' includes threading
420 which allows a connection with threading 425 on the
enclosure 110'. The connection is sealed by the mating gasket
350. The mating enclosure 305' includes a connection nut 430
that allows tightening of the mating enclosure 305' into the
enclosure 110" using a wrench or other tool.

[0087] The leak detector 100" includes two circuit boards: a
radio frequency (RF) board 136' and a digital signal process-
ing (DSP) board 137'. Electronics on the RF board 136' and
the DSP board 137" will be similar to the electronics con-
tained on circuit board 135 in the leak detector 100. The
partition 410 can be seen in the view of the current embodi-
ment. An antenna cable 125' connects the antenna 120 to the
RF board 136'. Although not shown, the battery 130 is con-
nected to both the RF board 136' and the DSP board 137'. In
some embodiments, the battery 130 may be connected to one
of the RF board 136' and the DSP board 137" which then
connects the power from the battery 130 in series to the other
board.

[0088] Another embodiment ofanenclosure 1110 is seenin
FIG.11. The enclosure 1110 includes five posts 11554,5,¢,d,e
protruding from an inner surface 1112 of the enclosure 1110.
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The posts 1155q,b,c,d,e of the current embodiment are
spaced a consistent distance apart but are not equally distrib-
uted about a circumference of the inner surface 1112. Instead,
the posts 11554, 5, ¢, d,e of the current embodiment are spaced
so that more posts 1155a,b,¢,d,e are on one half of the enclo-
sure 1110 than on the other. In other embodiments, equidis-
tant spacing may be used. In various embodiments, more or
fewer posts 1155 may be used.

[0089] The posts 1155 provide some rigidity to the enclo-
sure 1110 that aids in several ways. Among other benefits, the
posts 1155 provide added strength to the enclosure 1110 in
what may be an ultra-high pressure environment (exceeding
several hundred psi, as previously noted). Additionally, the
posts 1155 provide a structural restraint against resonance of
the enclosure 1110 so that resonance frequencies seen in the
enclosure 1110 do not distort leak data observed by vibration
sensors 150.

[0090] The posts 1155 also serve as mounting locations for
the vibration sensors 150. In the current embodiment, each
post 11554, b, ¢, d, e includes a retaining ring 11574,5,¢,d,e and
mounting bore 1159a,b,¢,d,e that is threaded. The retaining
ring 1157a,b,¢,d, e is a countersink channel into which a nylon
washer (not shown) can be placed. The nylon washer allows
the vibration sensors 150 to be mounted without allowing
electrical conductivity between the enclosure 1110 and each
vibration sensor 150. Although the current embodiment dis-
plays a retaining ring 1157a,b,¢,d,e on each post 11554,5,c,
d,e, various embodiments include various configurations and
may omit the retaining ring 11574, 5, ¢,d,e from some or all of
the posts 1155a,b,c,d,e. Additionally, although five posts
1155a,b,c,d,e are shown in the current embodiment onto
which a vibration sensor 150 may be mounted, various con-
figurations may be made for mounting vibration sensors 150.
For example, in some embodiments, more than one vibration
sensor 150 may be mounted on one post 1155 while another
post 1155 may include no vibration sensor 150 mounted.

[0091] Aleak detection subassembly 1111 is shown in FIG.
12. The configuration shown represents only one embodi-
ment of the current disclosure among many. The leak detec-
tion subassembly 1111 shows the interrelationship of several
parts in one embodiment of the disclosure. The leak detection
subassembly 1111 of the current embodiment includes five
vibration sensors 150a,5,¢,d,e. As can be seen, vibration sen-
sors 1504 and 1505 are connected by bolt 1555 of the current
embodiment. In the current embodiment, the bolt 1555 is
made of nylon. Both vibration sensors 150a,b are connected
along one post 115554. Vibration sensors 150a, b are connected
together using adhesive 161 (seenin FIG. 8) between them, as
previously described with reference to FIG. 8, although the
vibration sensors 150qa,b, of the current embodiment may be
arranged back-to-back (as seen in FIG. 8) or face-to-back. In
various embodiments, the adhesive 161 may be double-sided
tape, various glues, various coatings including elastomeric
and silicon coatings among others, and pure adhesives. In
some embodiments, an adhesive 161 may not be included. In
such embodiments, a non-conducting spacer may be used,
such as a nylon or rubber spacer. In other embodiments,
conduction may not be a concern if the base 1524,5 of each
vibration sensor 150a,b were connected to the same ground.
However, the use of an adhesive 161 may provide damping of
the vibration sensors 150 to prevent resonance along the
natural frequency of each base 152 or, if different, of each
vibration sensor 150. As such, the configuration of the cur-
rently described embodiment allows some damping of reso-
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nance between the vibration sensors 150a,b because they are
mechanically restrained by the adhesive 161. In some
embodiment, individual vibration sensors 150 may be coated
with a vibration damping layer that may be composed of
various substances, including silicone, elastomer, various
polymers, various resins, various rubbers and synthetic rub-
bers, various vapor depositions, and various coatings. In one
embodiment, Loctite RTV 5140 has been used as a coating
with success. Loctite 5150 adhesive sealant has also been
used with success.

[0092] The leak detection subassembly 1111 displays but
one possible embodiment through which the vibration sen-
sors 150 may be arranged in the enclosure 1110. In various
embodiments, the arrangement of the various components
may change as may be included elsewhere in this disclosure.
Moreover, the leak detection subassembly 1111 does not
include other parts of various leak detectors (i.e., 100,100,
3100). However, the leak detection subassembly 1111 may be
included in various forms within the various embodiments as
disclosed herein.

[0093] Vibration sensors 150d,e are connected together
along post 11554 using bolt 1554 with the same or a similar
configuration to vibration sensors 150a,b. However, vibration
sensor 150c is connected alone to post 1155¢ (not seen in FIG.
12, but seen with respect to FIG. 11) using bolt 155¢. Vibra-
tion sensor 150¢ in some embodiments is a burst or tamper
sensor. As described elsewhere in this disclosure, leak detec-
tors of the current disclosure may be configured to monitor for
leak detection continuously, may be configured to monitor on
a wake/sleep basis, or may be configured to do both. When
vibration sensor 150c¢ is used as a burst or tamper sensor, it is
continuously monitored to detect a pipe burst or a tamper
event even if other vibration sensors 150qa,b,d, e are monitored
on a sleep/wake schedule. The vibration sensor 150¢, as a
continuously-monitoring sensor, is capable of detecting a
pipe burst or tamper event, thereby causing other sensors
150a,b,d,e to wake up (if necessary) and allowing communi-
cating of the pipe burst or tamper event to a remote host.
[0094] In the current embodiment, a summation board
1113 is seen mounted under the vibration sensor 150c. The
summation board 1113 allows manual summation of the
piezoelectric current generated from the vibration sensors
150a,b,¢,d,e or, in another embodiment, of vibration sensors
150a,b,d e. Each vibration sensor 150a,b,c,d, e is connected
to the summation board 1113 which provides a passive,
manual summation of the vibration sensors 150a,5,c,d,e. In
various embodiments, the signals of each vibration sensor
150a,b,c,d,e may be individually communicated to a remote
host that performs the summation function.

[0095] Summation of vibration sensors 150qa,b,c,d,e may
include an electronic amplifier in some embodiments. How-
ever, in some embodiments, electronic amplification may not
be necessary. Since piezoelectric material may provide a
positive current when deflected in one direction and a nega-
tive current when deflected in the opposite direction, it
becomes important to know which deflection causes positive
charge and which deflection causes negative charge. When
two sets of piezoelectric material produce the same charge
(either positive or negative, but not necessarily the same
amplitude) with the same deflection, they are said be “in-
phase” When two sets of piezoelectric material produce
opposite charges with the same deflection, they are said to be
“out of phase.” The manual summation referenced above is
achieved by connecting the vibration sensors 150a,5,¢,d,e in
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such a way that the output waveforms created by the piezo-
electric material are in phase and positive charge is added to
positive charge while negative charge is added to negative
charge. Thus, it becomes important to know whether the
vibration sensors 150a,b,c,d,e are in-phase or out of phase
with each other. If the vibration sensors 150a,b,c,d,e are
connected as in-phase but are out of phase, vibration sensors
150a,b,c,d,e will cause a cancellation of at least some of the
charge generated by other vibration sensors 1504, 5, ¢, d,e with
which they are out of phase. As such, for manual summation,
the vibration sensors 150a,b,c,d,e must be connected so that
positive charge is amplified by the addition of other vibration
sensors 150q,b,¢,d, e in the circuit rather than being cancelled.

[0096] Oneembodiment of a leak detector 3100 is shown in
FIG. 13 connected to the nozzle cap 15, which is then con-
nected to the fire hydrant 58. The enclosure 1110 is shown
connected by threading 1105 to the enclosure threading 25 of
the nozzle cap 15, although other fastening elements would
be known to one of skill in the art.

[0097] The interaction of components of the leak detector
3100 can be seen in closer detail in FIG. 14. A mating enclo-
sure 3305 is fit around the outside of the enclosure 1110 and
rests against an annular shoulder 3302 of the enclosure 1110.
A gasket 3350 provides a seal between the mating enclosure
3305 and the enclosure 1110. In some embodiments, the
mating enclosure 3305 will have a very tight fit with the
enclosure 1110 thereby providing some leakage resistance as
well.

[0098] Theantenna 120 and antenna enclosure 320 can also
be seen. An antenna cable 3125 is seen and is similar to
antenna cable 125. Four ferrite beads 3127a,b,c,d can be seen
surrounding the antenna cable 3125.

[0099] The leak detector 3100 of the current embodiment
includes two circuit boards. One circuit board is a RF board
3136 (similar to RF board 136') and another circuit board is a
DSP board 3137 (similar to DSP board 137'). In various
embodiments, the RF boards 136',3136 may be called com-
munication boards and the DSP boards 137',3137 may be
called logger boards, as various functionality may be
included. Although two circuit boards are shown in the cur-
rent embodiment, components of the RF board 3136 may be
combined with components of the DSP board 3137 in various
embodiments, and the components may be combined on any
number of boards from one to many in various embodiments.

[0100] As can be seen, the antenna cable 3125 is connected
to the antenna 120 on one end and to the RF board 3136 on the
other end. The DSP board 3137 is connected to the RF board
3136, and the two circuit boards are mounted to the enclosure
1110 in proximity with one another. Although not shown in
the current embodiment, in many embodiments, the DSP
board 3137 and RF board 3136 are encased in potting to
prevent electrical shorting in the aqueous environment of the
inside of the fire hydrant 58. Vibration sensors 150¢,d,e can be
seen in the current view of the current embodiment (vibration
sensors 150a,b seen in other FIGs). In the current embodi-
ment, vibration sensors 150q,b,¢,d,e may not be encased in
potting material, as such potting material may prevent deflec-
tion that allows the generation of a current by the piezoelec-
tric material of the vibration sensors 150qa,5,c,d e. In some
embodiments, the vibration sensors 150a,b,c,d,e may be
encased in potting material. Additionally, batteries 3130qa,5
and 3131a,b can be seen in cross-sectional view. Bolts 155c¢,
d,e can be seen fastening vibration sensors 150¢,d, e, respec-
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tively, to the enclosure 1110 (bolts 1554, and vibration sen-
sors 1504, not seen in the current view).

[0101] A partition 3410 separates the batteries 3130qa,b,
3131a,b from the electronic components such as the DSP
board 3137, the RF board 3136, and the vibration sensors
150a,b,c,d,e. Wire leads (not shown) connect the batteries
3130a,b,3131a,b to the DSP board 3137 and the RF board
3136. The wire leads feed through a hole 3411 defined in the
center of the partition 3410. In various embodiments, a con-
nection mechanism (not shown) is included and provides a
quick connect between the batteries 31304a,5,3131a,b and the
electronic components. As such, the batteries 313045,
3131a,b may be replaced if they become defective without the
need to replace the leak detector 3100 in its entirety. As noted
elsewhere in this disclosure, the power source for the leak
detector 3100 of the current embodiment may include batter-
ies, ac power, dc power, solar, or various other power sources
known in the art. In some embodiments, kinetic energy of
water in the piping system may be used as a source of power
generation.

[0102] Another cross-sectional view of the leak detector
3100 can be seen in FIG. 15. In this view, vibration sensors
1504 and 150e can be seen. The bolt 1554 can be seen fas-
tening the vibration sensor 150q into the bore 11594 in the
current embodiment. The five-sensor array of the current
embodiment includes one vibration sensor 150a,5,¢,d,e con-
nected to each post 11554,5,¢,d, e, each by one bolt 1554,5,¢,
d,e. Also seen in cross-sectional view, an enclosure fastener
3162a (31625,c¢ not seen in the current view) is seen fastened
into a connection bore 3163a (31635, ¢ not seen in the current
view) of the enclosure 1110 to connect the mating enclosure
3305 with the enclosure 1110. A variety of fasteners may be
used and would be understood by one of skill in the art,
including gluing, welding, sealing with a sealant, or provid-
ing mating threading on the enclosure 1110 and mating enclo-
sure 3305, among other solutions. The arrangement can be
seen more clearly in the cross-sectional view of FIG. 16.
Note, leads from the vibration sensors 150a,b,¢,d,e have been
omitted from view for clarity.

[0103] Another embodiment of a leak detection subassem-
bly 4111 is seen in FIG. 17. In this embodiment, the vibration
sensors 150a,b,¢,d are stacked in a quartet arrangement such
that all four vibration sensors 150a,5,c,d are mounted on one
post 11555. Also included, vibration sensor 150e acts as a
burst or tamper sensor (as described elsewhere in this disclo-
sure) and is mounted alone on post 11554.

[0104] In various embodiments of the current disclosure,
the teachings of the disclosure and various systems as shown
may be implemented in various configurations throughout the
fire hydrant 58 or various other components of the piping
system. In various embodiments, vibration sensors 150 may
be included in various locations within and around the fire
hydrant 58 or various other components of the piping system.
For example, in some embodiments, vibration sensors 150
may be included in the bonnet of the fire hydrant. In various
embodiments, various components may be included in vari-
ous locations. For example, vibration sensors 150 may be
included in the bonnet while a power supply such as batteries
130, 31304,b, 3131a,b may be placed in an enclosure con-
nected to the nozzle cap 15 or in another removable location
such as the outer surface of the fire hydrant 58.

[0105] Inaddition, various embodiments of the current dis-
closure may include integration with a mesh network or other
wireless system. As such, the methods, systems, and appara-



US 2013/0036796 Al

tus of the current disclosure may include a wireless repeater
or other wireless integration technology.

[0106] Leak detectors 100,100',3100 may include further
ability to sense additional physical attributes of the system.
For example, the leak detectors 100,100',3100 may include a
pressure sensor, a chlorine sensor, other chemical sensors, gas
sensors, nuclear sensors and other potential inputs. Such
inputs may include lines or bores into the enclosure 110,110',
1110 to connect to the circuit board 135, the RF board 136',
the DSP board 137, the RF board 3136, the DSP board 3137,
or another circuit board or electronic device or system.
[0107] FIG. 18 is a block diagram illustrating an embodi-
ment of a portion of a leak detection system according to
various implementations of the current disclosure. As illus-
trated, the leak detection system of FIG. 18 includes a section
of'pipe 70, which has a leak 72. The system also includes leak
detectors 74, which happen to be positioned nearest to the
leak 72. Although the leak detectors 74 are shown as being
attached to or in contact with the section of pipe 70, it should
be understood that the leaks detectors 74 may also be con-
nected to an inside surface of the pipe 70 and in contact with
the water flowing in the pipe. In other embodiments, the leak
detectors 74 may be connected to an outside surface of the
pipe 70, on an inside or outside portion of a fire hydrant 58, or
attached to another portion of a water distribution system.
Leak detectors 74 may be one of leak detectors 100,100',3100
in various embodiments or may be leak detection devices in
accord with another embodiment of the current disclosure as
described herein or in accord with the general scope and
purpose of the current disclosure. The leak detectors 74 com-
municate sensed signals (e.g., acoustic signals, pressure sig-
nals, etc.) to the host 20 via the mesh network 22. For
example, the network 22 may include relay devices (e.g.,
using ISM frequency transmission) for relaying radio signals
from the leak detectors 74 to the host 20. The network 22 in
some embodiments may also include a cellular network, a
radio network, a LAN, a WAN, or any other suitable network.
The host 20 may be configured to store signals from the leak
detectors 74 in a database 76.

[0108] The leak detectors 74 may be configured to send
acoustic data to the host 20 on a periodic basis. For example,
the leak detectors 74 may be configured to provide the acous-
tic information collected over a two-hour period every day at
a certain time. The leak detectors 74 may also be configured
to communicate urgent events, such as an indication ofa large
leak or burst. Alarms may be communicated to the host 20
when a burst is detected. Therefore, the leak detectors 74 may
be configured to detect both small leaks and large leaks.
During the periodic acoustic measurement times, any indica-
tion of a leak may be seen as an inconsistency with historic
data. However, any large amount of acoustic activity detected
at any time may give rise to an alarm signal for indicating a
burst. Since small leaks do not necessarily require immediate
attention, the reporting of the small leaks can be delayed until
a designated reporting time. However, a detected burst usu-
ally requires a quick response in order that the burst can be
attended to rapidly.

[0109] FIG. 19 is a block diagram illustrating an embodi-
ment of the host 20, shown for example in FIGS. 1, 2, and 18.
In this embodiment, the host 20 comprises a processor 80
configured to manage the data and signal processing func-
tions of the host 20. The host 20 also includes a training
module 82, a sample request module 84, a communication
module 86, a timing module 88, graphical user interface(s) 90
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(or GUIs), a leak detector management device 92, and the
database 76 shown also in FIG. 18. The host 20 may include
any combination of software, hardware, and/or firmware. For
example, a portion of the training module 82, sample request
module 84, communication module 86, timing module 88,
GUIs 90, and leak detector management device 92 may be
configured entirely or partially in software and stored in a
suitable memory device (not shown).

[0110] The training module 82 may be configured to con-
duct a training session during a period of time when the leak
detectors are first installed and ready to be initialized. The
leak detectors may “listen” for acoustic signals for a 24-hour
period to determine the quietest 2-hour window during the
day. For instance, external noise from street traffic or other
activities may create large amounts of acoustic signals that
might be sensed by the leak detectors. In fact, some noise may
appear to be a leak when sensed. Therefore, quiet times dur-
ing the day (or night) can be determined as being adequate
times to clearly detect leak activity without excessive inter-
ferences. The training module 82 may analyze the acoustic
information from the plurality of leak detectors 74 disbursed
throughout the system to determine specific wake-up times
for each of the leak detectors 74. The leak detectors 74 may
then be awakened at their designated times. The sample
request module 84 may be configured to send a signal to the
leak detectors 74 at their designated reporting time to awaken
them from a sleep mode. Upon waking the respective leak
detectors 74, the sample request module 84 may then request
that the leak detectors 74 detect acoustic signals during the
respective 2-hour period and then transmit the results to the
host 20. It will be understood by one of skill in the art that the
2-hour period referenced herein is for exemplary purposes
only and is not intended to limit the disclosure in any way.
Time periods may range from thousandths of a second to
many hours, including continuous monitoring, in various
embodiments.

[0111] The communication module 86 may be configured
to communicate with the leak detectors 74 via radio commu-
nications, cellular communications, or other suitable types of
communication. The timing module 88 may be configured to
provide synchronization with the various leak detectors,
maintain timing for the processor 80, and maintain time/day
information.

[0112] The GUIs 90 of the host 20 may be configured to
display information regarding leakage information to the user
of'the host device 20. For example, the GUIs 90 may include
color-coded displays to indicate the health status of various
mains 54/56 of the water distribution system. The GUIs 90 or
other similar types of GUIs may also be incorporated with
operator system 14 and/or client system 18 shown in FIG. 1.
[0113] The leak detector management device 92 may be
coordinated with software in the server 13 to share, monitor,
and store leakage information from the leak detector nodes
within the mesh network 22. The leak detector management
device 92 may receive signals regarding the health status of
the actual leak detectors themselves as well as receive acous-
tic signal information from the leak detectors. The leak detec-
tor management device 92 may also be configured to deter-
mine the probability of leaks based on the received acoustic
information. For example, if the received acoustic informa-
tion is significantly different from the historic data received
by the same leak detector over the past several days, then the
leak detector management device 92 may determine with
greater probability that a leak has occurred. Otherwise, if the
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acoustic information is only slightly different from the his-
toric data, a lower probability of a leak can be determined In
this respect, the leak detector management device 92 may
provide an indication of the probability of a leak. This indi-
cation might be presented as a “high probability,” “medium
probability,” “low probability,” or “no probability” of a leak.
In other embodiments, the indication of probability may be
provided as a percentage. For example, it may be determined
that according to received information, the probability of a
leak might be 35%.

[0114] The database 76 may include a repository for acous-
tic measurements, such as acoustic waveforms for each of the
various leak detector nodes. The database 76 may also store
information regarding the configuration of leak detectors 74
within the water distribution system to be able to determine
which leak detectors 74 are considered to be adjacent. There-
fore, when two adjacent detectors sense similar acoustic
activity, the host 20 may be able to determine the general
location of a potential leak.

[0115] FIG. 20 is a block diagram illustrating an embodi-
ment of the leak detector 74 shown in FIG. 18, according to
various implementations. As shown, the leak detector 74
comprises an enclosure 101, a sensor assembly 102, and
antenna 120. The enclosure 101 may include any suitable
structure for protecting electrical components mounted inside
the enclosure 101 from water and other elements. In various
embodiments, the enclosure 101 may be enclosure 110,
enclosure 110", enclosure 1110, or various other configura-
tions in accord with the current disclosure. Although antenna
120 is disclosed, any suitable antenna may be used in accord
with the current disclosure. Sensor assembly 102 may include
vibration sensors 150 as described elsewhere in this disclo-
sure or may include various other embodiments of sensors in
accord with the current disclosure. According to some imple-
mentations, the enclosure 101 may contain a housing that
meets P68 standards. The enclosure 101 includes sensor
connectors 106 and an antenna connector 108. In some
embodiments, these connectors may be contained on a circuit
board and in some embodiments these connectors may be
included on walls of the enclosure 101. Electrical compo-
nents mounted inside the enclosure 101 and protected by the
walls of the enclosure 101 are a carrier assembly 111 and a
power supply 112. In some embodiments, the carrier assem-
bly 111 includes a sensor interface 114, a processing device
116 (in some embodiments, DSP board 137' or DSP board
3137), and a communication device 118. The enclosure 101
also includes a diagnostic port 121 that allows the communi-
cation device 118 to have direct contact and communication
with another device, such as a portable computer or handheld
device. The other device in this respect may be used for
monitoring the integrity of the leak detector 74 in the field and
for running diagnostic tests on the leak detector 74.

[0116] Insomeembodiments, the carrier assembly 111isa
single printed circuit board with the components of the sensor
interface 114, processing device 116, and communication
device 118 incorporated on the printed circuit board (such as
circuit board 135 in the embodiment of FIG. 5). In other
embodiments, the carrier assembly 111 may include multiple
printed circuit boards with the components of the sensor
interface 114, processing device 116, and communication
device 118 incorporated on the boards in any suitable con-
figuration (such as RF board 136' and DSP board 137" in the
embodiment of FIG. 10 and such as RF board 3136 and DSP
board 3137 of the embodiment of FIGS. 13 and 14). When the
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electrical components are disposed on multiple boards, stand-
offs may be used as needed. Connectors may be used to
couple the processing device 116 with the sensor interface
114 and communication device 118.

[0117] The sensor assembly 102 may include any combi-
nation of sensors for detecting various parameters that may be
analyzed to detect the presence of a leak or large burst. For
example, the sensor assembly 102 may include one or more
piezoelectric sensors (such as vibration sensors 150), acous-
tic sensors, acoustic transducers, hydrophones, pressure sen-
sors, pressure transducers, temperature sensors, accelerom-
eters, or other types of sensors. According to some
embodiments, the sensor assembly 102 includes five sensors,
where four sensors are configured to detect small leaks and
the fifth sensor is configured to detect a burst. The fifth sensor
for detecting bursts may be configured as multiple sensors in
some embodiments. According to various implementations,
the sensor assembly 102 may include three sensors (i.e., an
acoustic sensor, a pressure sensor, and a temperature sensor)
and may provide the three measurements, respectively, via
the sensor connectors 106 to the sensor interface 114.
[0118] The power supply 112 may contain one or more
batteries, solar-powered devices, electrical power line cou-
plers, capacitors, or other power sources or components.
When external power is received, additional connectors or
ports may be added through the walls of the enclosure 101.
When batteries are used, the power supply 112 may also
include a battery capacity detection module for detecting the
capacity of the one or more batteries.

[0119] The sensorinterface 114 acquires the acoustic, pres-
sure, and/or temperature data from the sensor assembly 102.
In addition, the sensor interface 114 may include amplifica-
tion circuitry for amplifying the sensed signals. The sensor
interface 114 may also include summing devices, low pass
filters, high pass filters, and other circuitry for preparing the
signals for the processing device 116.

[0120] The processing device 116, as described in more
detail below with respect to FIGS. 21 and 22A-22C, is con-
figured to process the sensed signals and determine whether a
leak exists or whether the probability of a leak exists. The
processing device 116 is also configured to log the acoustic
information and save it until a designated time when the host
20 requests the data.

[0121] The communication device 118 may include a
modem, such as a cellular or ISM-enabled modem to provide
network access to the communication device 118. Also, the
communication device 118 may include a tuning module,
such as a GPS timing receiver, for providing an accurate
timing reference for the leak detector 74 and for synchroniz-
ing timing signals with other elements of the leak detection
system 10. The communication device 118 may be config-
ured to transmit and receive RF signals (e.g., ISM frequency
signals), cellular signals, GPS signals, etc., via the antenna
120. In addition, the communication device 118 may send and
receive diagnostic testing signals with an external device
(e.g., handheld device) via the diagnostic port 121.

[0122] FIG. 21 is a block diagram showing an embodiment
of'the processing device 116 shown in FIG. 20. The process-
ing device 116, which may also be referred to as a “logger”
device, is configured to detect the presence of a nearby leak in
a section of pipe. As illustrated, the embodiment of the pro-
cessing device 116 includes a processor 124, a sensor data
handling device 126, a power assembly 128, a communica-
tion module 131, a time/sleep module 132, a leak processing
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module 134, a health status detecting module 139, and a
storage module 138. The processor 124 may comprise one or
more of a microcontroller unit (MCU), a digital signal pro-
cessor (DSP), and other processing elements.

[0123] The sensor data handling device 126 connects with
the sensor interface 114 and handles the sensor data to allow
processing of the signals by the processor 124. The power
assembly 128 may comprise a power source, which may be
separate from the power supply 112. In some embodiments,
however, the power assembly 128 may be connected to the
power supply 112. The power assembly 128 may also be
configured to control the voltage and current levels to provide
constant power to the processor 124. In some embodiments,
the processor 124 may be provided with about 3.0 volts DC.
The communication module 131 connects with the commu-
nication device 118 and receives and/or sends signals for
communication through the communication device 118.
[0124] The processing device 116 also includes a time/
sleep module 132 for providing timing signal to the processor
124 and may include a crystal oscillator. The time/sleep mod-
ule 132 also controls sleep modes in order to minimize battery
usage when the leak detector 74 is not in use. For example, the
processor 124 may include an MCU that operates continually
and a DSP that sleeps when not in use. Since the DSP nor-
mally uses more power, it is allowed to sleep in order to
conserve battery power.

[0125] The time/sleep module 132 may be configured to
wake various components of the processor 124 at designated
times in order that sensor data stored during a previous time
may be transmitted to the host 20. In some embodiments, the
time/sleep module 132 may wake the leak detector 74 at a
certain time during the day, enable the sensor assembly 102 to
analyze and record an acoustic waveform for approximately
ten seconds, return to a sleep mode for about ten minutes, and
repeat the analysis every ten minutes or so for about two
hours. After these waveforms are sensed, the leak detector 74
sends the data to the host 20 and the time/sleep module 132
returns the device to a sleep mode until the designated time on
the next day. Separate from the regular sensing schedule, the
time/sleep module 132 may be configured to wake up the
processor 124 in the event that a large leak, or burst, has been
detected.

[0126] The leak processing module 134 may be configured
to perform the analysis of the acoustic waveforms and other
sensed parameters to determine if a leak has been sensed. The
leak processing module 134 can also determine the probabil-
ity or likelihood that the sensed data is indicative of a leak.
The leak processing module 134 may also be configured to
constantly monitor for a burst, in which case an alarm will be
sent. In addition to sensing small leaks and bursts, the leak
processing module 134 may also be configured to detect
unauthorized tampering with a fire hydrant 58 associated with
the leak detector 74. Regarding tamper sensing, the leak
processing module 134 may be configured to determine if a
person is tampering with a pumper nozzle of the hydrant 58,
if there is an unauthorized flow of water from the hydrant 58,
orifthehydrant 58 has been damaged, such as from impact by
a vehicle. In some respects, detecting for tampering may use
similar methodology as is used for sensing bursts, in that the
acoustic waveform may display a quick and pronounced pla-
teau above the normal baseline waveform.

[0127] At times, the health status detecting module 139
may be configured to operate to determine the health or integ-
rity of the leak detector 74 using various diagnostic tests. For
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example, the status may be detected every time the leak
detector 74 wakes up from a sleep mode, which may be
repeated several times throughout a two-hour sensing stage.
The health status detecting module 139 may detect the sensor
functionality and the functionality of other hardware devices
to determine if there are any issues. The health status detect-
ing module 139 can also monitor an MCU and/or DSP of the
processor 124, memory of the storage module 138, etc. When
issues are discovered during the diagnostic tests, the health
status detecting module 139 may set flags to indicate the
status of the various components of the leak detector 74.
These flags may be communicated to the host 20 at designated
times.

[0128] The storage module 138 may include flash memory,
read-only memory (ROM), random access memory (RAM),
or other types of memory. The storage module 138 may
comprise a database for storing acoustic waveforms. The
database may include frequency bins for storing current
acoustic data as well as historic data collected over several
days. The processor 124 is configured to utilize the stored
waveforms to detect the presence or probability of leaks,
bursts, or tampering activity.

[0129] FIGS. 22A-22C, in combination, form a schematic
diagram showing an embodiment of the processing device
116 shown in FIG. 20 and described in detail with respect to
FIG. 21. Asillustrated in FIG. 22 A, the processing device 116
comprises amplification circuitry 140 that receives input from
the sensor assembly 102. For example, inputs 141 are
received from sensors that may normally be off, but may be
enabled during a regular, intermittent sensing period for
detecting small leaks. Input 142 is received from a sensor for
detecting an urgent event, such as a burst or tampering. In this
respect, the sensors associated with the inputs 141 may be
normally off, but awakened during a reporting period and the
sensor associated with the input 142 may be normally on to
continuously monitor for bursts or other urgent events. The
four inputs 141 are summed in a summing amplifier 143,
passed through a low pass filter 144, and amplified in a gain
stage 145 before being provided to a microcontroller unit
(MCU) 196, shown in more detail in FIG. 22B. The one input
142 passes through a gain stage 151 and low pass filter 192
and is provided to the MCU 196. A reference voltage VREF
146 is also provided to the MCU 196. Resistors 147 and 148
form a voltage divider for providing a battery voltage
(+VBATT) to one input of an operational amplifier 149. An
output from the operational amplifier 149 is connected to a
non-inverting input of the op amp 149 and is provided to an
analog to digital input (ADC) of the MCU 196. The amp
circuitry 140 may also include an accelerometer 194 for pro-
viding additional sensing signals to the MCU 196. A hydro-
phone input (HYDROPHONE_IN) is provided from a con-
nector or interface 195 of the processing device 116. In this
case, the hydrophone input is provided to the gain stage 151.

[0130] As shown in FIG. 22B, the MCU 196 receives
sensed signals from the amplification circuitry 140. The
MCU 196 is also connected to a carrier board connector or
interface 195 for communicating with a sensor board or,
sensor interface 114, and/or communication device 118. For
example, the MCU 196 may communicate sleep/wake and
enable signals with the sensor board via IRQ and GPIO ports.
Also, GPS receiving and transmitting signals may also be
communicated via the connector/interface 195. The MCU
196 may therefore control sleep and wake times for the sen-
sors. A 3.0 voltage is provided to the MCU 196 to allow the
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MCU 196 to operate continuously. The MCU 196 is con-
nected to a crystal oscillator (XTAL) 198 for providing clock
signals. The processing device 116 also includes a serial bus
(I2C) for communication. The processing device 116, accord-
ing to some embodiments, also includes a distribution control
interface 159 for communicating control signals with the
communication device 118 and a distribution control battery
interface 160 for communicating battery control signals. A
voltage converter 161 communicates transmit and receive
signals with a UART of the MCU 196. A reset control circuit
162 may be used to reset the MCU 196 using a control switch
163. The MCU 196 includes various connections via GPIO,
IRQ, and SPI outputs with various components shown in FIG.
22C.

[0131] As shown in FIG. 22C, an enable signal (DSP_
PWR_EN) is provided from the MCU 196 to a switch 170
(e.g., field effect transistor), which controls an on/off status of
a digital signal processor (DSP) 164. When the MCU 196
receives an indication of an urgent event, the MCU 196 turns
on the DSP for processing the sensed signals. Power is pro-
vided by a battery via interface 167 for powering the compo-
nents of the processing device 116. The processing device
116 includes voltage regulators 168 and 169 for regulating the
power to the DSP 164. A separate crystal oscillator (XTAL)
166 provides clock signals to the DSP 164. A reset signal from
the MCU 196 may be provided to the DSP 164 via the RESET
line to reset the DSP 164. A I2C_REQUEST line from the
DSP 164 to the MCU 196 communicates a request regarding
the 12C serial bus and the DSP_COMPLETE line indicates
that the DSP 164 is finished with its processing and storing of
sensed signals. The processing device 116 also includes
memory devices, such as SRAM, flash, and EEPROM for
storing sensor data, software and/or firmware, etc. Latches
171 and 172 are used for storing information in an SRAM
173. When a signal along FLASH_PWR_EN is provided
from the MCU 196, the switch 175 is closed to enable pow-
ering of the flash memory device 176 through a buffer 174.
Also, a EEPROM 177 is connected to the 12C line and
receives data from the MCU 196 for storage.

[0132] FIG. 23 is a block diagram illustrating an embodi-
ment of the DSP 164 shown in FIG. 22C. In this embodiment,
the DSP 164 includes a processor 180, interfaces 181, regu-
lator 182, battery 183, real time clock 184, program memory
185, data memory 186, audio processor 187, power manager
188, pre-amplifier 189, and sensor 190. Each sensor 190 is
connected to the preamplifier 189 which amplifies the signal
into audio processor 187. In the current embodiment, sensor
190 may be vibration sensor 150 or may be another sensor of
various types as disclosed herein.

[0133] Vibration signals from leak detection are processed
in a similar way to audio signals. As such, the audio processor
187 performs many functions needed to process the leak
detection data. The signal from the audio processor 187 is
then fed into the processor 180. Program memory 185 drives
the DSP’s programming The DSP 164 may store processed
signal information in data memory 186. The battery 183 is
regulated by a regulator 182 to power the processor 180. The
battery 183 also powers a real-time clock (RTC) 184 whose
data is also fed to the processor 180. The processor 180
controls a power manager 188 which itself controls whether
the DSP 164 goes into a sleep mode. The processor 180 also
includes a connection to various interfaces 181. In some
embodiments, the interfaces 181 include four analog inputs.
However, in other embodiments, many configurations of the
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interfaces 181 may be used. The processor 180 may also be
connected by both a data line and a control line to the com-
munication device 118 shown in FIG. 20. The processor 180
includes analog to digital conversion capabilities. The audio
processor 187 includes analog to digital processing, filter and
clipping capabilities, and a codec. In some embodiments, a
global positioning system (GPS) receiver may be included
with the leak detector 74 and may be utilized to keep accurate
time. The GPS receiver may be included with the DSP 164,
the communication device 118, or on its own in various
embodiments.

[0134] FIG. 24is a graph illustrating a sample of exemplary
acoustic data received by the processing device 116. This data
can be used to help identify a leak, wherein a leak is deter-
mined by the deviation between the baseline (or “normal”
line) and the tested line (or “leak” line). An example of a
possible leak is highlighted in FIG. 24 within a box, wherein
the voltage levels within a certain frequency range are con-
siderably higher than normal levels. Since the voltage levels
appear much higher than normal, the probability that a leak
has been detected is fairly good.

[0135] FIG. 25 is a block diagram showing an embodiment
of the communication device 118 shown in FIG. 20. The
communication device 118 may be configured on a printed
circuit board, for example. According to the illustrated
embodiment, the communication device 118 comprises an
antenna 200 (which may include antenna 120), a transmit/
receive switch 202, an RF power amplifier 204, an RF low
noise amplifier 206, a crystal oscillator 208, a transceiver
integrated circuit (IC) 210, a microprocessor 212, a second
crystal oscillator 214, and flash memory 216. A battery 218 is
configured to power many of the components of the commu-
nication device 118, including the transceiver IC 210, the
microprocessor 212, the RF power amplifier 204, the RF low
noise amplifier 206, and flash memory 216. The battery 218
may be one or more of batteries 130,3130,3131, or another
battery suitable for use. In various embodiments, power
sources other than batteries may be used in various circuitry
as disclosed elsewhere herein and known to one of skill in the
art. Crystal oscillators 208 and 214 are connected to the
transceiver IC 210 and the microprocessor 212, respectively.
Although flash memory 216 is specified, any type of memory
may be used with the communication device 118.

[0136] A dataline connects the antenna 200 to the transmit/
receive switch 202. RF received data from the antenna 200 is
fed into the RF low noise amplifier 206 and then to the
transceiver IC 210. The transceiver IC 210 is connected to the
microprocessor 212 and to the RF power amplifier 204. If RF
transmission data is to be sent to the antenna 200 and, thereby,
to the host or another remotely located communicator, it is
transmitted to the RF power amplifier 204 where it is ampli-
fied and transmitted to the transmit/receive switch 202 and on
to the antenna 200 for communication.

[0137] The microprocessor 212 and transceiver 1C 210
include both a two-way data and a two-way control line. The
microprocessor 212 include a control line to each of the RF
power amplifier 204, RF low noise amplifier 206, and the
transmit/receive switch 202. The microprocessor 212 is also
connected to the flash memory 216 by both a two-way data
line and by a battery status line, the battery line included so
that the flash memory 216 may notify the microprocessor 212
of its power and battery status. Finally, the microprocessor
212 is connected to the DSP 164 shown in FIG. 23.
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[0138] The communication device 118 may be configured
on various radio topologies in various embodiments, includ-
ing point to point, point to multipoint, mesh networking, and
star, among others. The communication device 118 may be
configured to communicate in multiple topologies or in one of
multiple topologies.

[0139] FIG. 26 is a diagram illustrating an embodiment of
the carrier board 111 shown in FIG. 20. The carrier board 111
is implemented as a printed circuit board with the compo-
nents of the processing device incorporated thereon, and in
some embodiments may also include the sensor interface 114
and/or communication device 118 incorporate thereon. In this
embodiment, the carrier board 111 is designed to specifically
fit under nozzle cap 15 of fire hydrant 58. The printed circuit
board thus has a keystone or mutfin shape for fitting within the
hydrant cap enclosure. The surface area, according to some
implementations, may be about 4.21 square inches.

[0140] Sensors 222-0, 222-1, 222-2, and 222-3 represent
the four normally-off sensors of the sensor assembly 102 that
provide inputs 141 to the processing device 116. Sensor 224
represents the single normally-on sensor that provides input
142 to the processing device 116. The MCU 196, transmis-
sion leak detector connector 197, distribution lead detector
connector 159, switches 163 and 175, buffer 174, flash 176,
DSP 164, latches 171, 172, and RAM 173, shown in FIGS.
22A-22C may be arranged as illustrated in FIG. 26. It should
be understood that other minor modifications to the position-
ing of the elements may be made without departing from the
spirit and scope of the present disclosure. The elements
mounted on the printed circuit board are powered by batteries
225 and 226, although connection to external batteries such as
battery 130,3130,3131 may be possible in various embodi-
ments. The carrier board 111 also includes four through-holes
228 for enabling the carrier board to be mounted within the
valve cap of the hydrant 58 and/or to standoftfs for connection
to other printed circuit boards, such as boards that support the
sensor interface 114 and/or communication device 118 if not
already incorporated in the carrier board 111.

[0141] FIG. 27 is a flow diagram illustrating a method of the
leak detector 74 at its startup. At installation, the leak detector
74 starts, or powers up, as shown in block 230. The leak
detector goes through diagnostic tests to check hardware as
shown in block 232. For example, the hardware may include
the batteries (or other power sources), RTC 184, regulator
182, communication device 118, sensor assembly 102, audio
processor 187, various memory devices (including flash
memory 216, program memory 185, and data memory 186),
and various processors 180, 212. Other hardware may also be
checked in other embodiments.

[0142] The method of FIG. 27 then proceeds to check soft-
ware as shown in block 234, the software including data 1/O,
memory storage, programming and program flow, and event
trigger testing. The leak detector 74 then turns off peripherals
as shown in block 236, thereafter setting the RTC 184 for leak
detection wake up as shown in block 238 and sleeping as
shown inblock 240. The RTC 184 may set the leak detector 74
to awake for leak detection 2% of the time in the current
embodiment. However, other wakeup intervals may be cho-
sen. Moreover, a 2% leak detection interval may include 2%
of'any time interval. For example, in some embodiments, the
leak detector 74 will awaken for a span of 28.8 minutes once
every twenty-four hours. In other embodiments, the leak
detector 74 will awaken for a span of six seconds once every
five minutes. In both example embodiments, the leak detector
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74 is awake for only 2% of the total time. Various other
embodiments may also be used.

[0143] Although not shown in FIG. 27, an indicator light
may be included in some embodiments to provide visual
affirmation to the installer that the leak detector 74 has been
activated and installed and that all hardware and software has
been checked and verified to be in working order. In some
embodiments, the indicator light will be a green LED set to
blink several times before the leak detector 74 goes to sleep
(step 240).

[0144] FIG. 28 is a flow diagram illustrating a method that
follows an initiation stage (e.g., after FIG. 27). The method of
FIG. 28 may be used during the life of the leak detector 74.
Starting in sleep mode as shown in block 250, the method first
determines whether the host is waking up the leak detector 74
from sleep. If yes, the method proceeds to the host event (e.g.,
FIG. 29), as shown by block 256. If no, the method proceeds
to block 254 to determine if the RTC 178 is waking up the leak
detector 74. If no, the method returns to block 250 and the
leak detector 74 goes to sleep. If yes, the method proceeds to
the RTC event (FIG. 30), as shown in block 258.

[0145] Other modes are also possible, although not shown
in the method of the current embodiment. In some embodi-
ments, user testing may be performed. In some embodiments,
user activated programming may occur. These are typically
performed locally either by wire or by short range radio,
although such functions may be performed from a host as
well.

[0146] FIG. 29 is a flow diagram illustrating a method fora
host event, which occurs when the host places a call for (i.e.,
wakes up) the leak detector 74 to operate. In this method, the
first step occurs when the RF circuit (e.g., communication
device 118) wakes the DSP 164 as shown in block 264. This
may occur when the RF circuit receives a call from the host 20
to wake the DSP 164. The processor of the DSP 164 is turned
on as shown in block 266. The DSP 164 receives data from
host 20 as shown in block 268. This data may be received by
transmission through the RF circuit as denoted above. Some
of the data received may include a unit ID, location (which
may include GPS data or simply a location code), RTC data
(for synchronizing the RTC 184), time of wake up, time of
data record, length of data record, frame time, frame fre-
quency, total time, sampling frequency, analog to digital reso-
Iution, piping information, environment, and frequency data,
among others. The DSP 164 then may send data to the host 20
as shown in block 270. This data may include any of the data
above or any of the following: leak profile identification data,
leak profile, raw signal, manufacturer id, leak history, leak
status, leak probability, and system hardware and software
diagnostic data, among others. The method then proceeds to
set the RF circuit for cyclic sleep, as shown in block 272, and
then sleep, as shown in block 274.

[0147] FIG. 30 is a flow diagram illustrating another
method. Referring back to FIG. 28, if the RTC 184 calls for
the DSP 164 to wake up, the method proceeds to the method
of FIG. 29. In this method, the RTC 184 wakes up the DSP
164 as shown in block 280. The DSP 164 is turned on as
shown in block 282. The method then proceeds to block 284
to determine if it is the scheduled leak detection time. If yes,
the method reads sensor data as shown by block 286, after
which the method proceeds to block 288. If no, the method
skips block 286 and proceeds to block 288. Block 288 repre-
sents the decision of whether it is the scheduled time to record
data. Ifyes, the method proceeds to block 290 to record sensor
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data, after which the DSP 164 sleeps as shown by block 292.
If no, the method skips block 290 and proceeds directly to
block 292 to sleep the DSP 164. Recording sensor data as
shown by block 290 of FIG. 29 may include any or all of the
following: turning the sensor and codec on, sending codec
settings (including filter settings and sampling frequency),
retrieving data for data recording time, compressing and gath-
ering clipped data, and storing data in memory, among others.

[0148] Reading sensor data as shown by block 286 may
include any or all of the following: turning the sensors and
codec on, sending codec settings (including filter settings and
sampling frequency), performing a Fourier transformation or
FFT, determining whether leak data is found, estimating
noise, comparing current noise and signal profiles with prior
saved profiles, determining if any significant changes have
occurred and flagging significant changes as leaks, determin-
ing a probability of a leak, and repeating for the allotted time,
among others.

[0149] According to various implementations of the
present disclosure, leak detectors and systems and methods
for detecting leaks are provided. In some embodiments, a leak
detector may comprise a sensor assembly including at least
one sensor configured to sense acoustic signals and at least
one printed circuit board coupled to the sensor assembly. The
printed circuit board may be configured to support a process-
ing device that includes at least a microcontroller unit (MCU)
and a digital signal processor (DSP). The MCU may be con-
figured to continually receive acoustic signals from the sensor
assembly and the DSP may be configured to remain in a sleep
mode except when the MCU wakes the DSP from the sleep
mode at predetermined times.

[0150] During the predetermined times, the DSP is config-
ured to process the sensed acoustic signals. The DSP may be
configured to compare the strength of the sensed acoustic
signals with a baseline waveform and then determine a prob-
ability of a leak based at least on the extent to which the
sensed acoustic signals exceed the baseline waveform. The
DSP may compare the sensed acoustic signals with the base-
line waveform within a predetermined frequency bandwidth.
The leak detector may further comprise a first crystal oscil-
lator coupled to the MCU and a second crystal oscillator
coupled to the DSP. In some embodiments, the at least one
printed circuit board is further configured to support a sensor
interface coupled between the sensor assembly and the MCU.

[0151] The sensor assembly may comprise at least an
acoustic sensor and a pressure sensor, wherein the pressure
sensor is configured to detect a burst in a pipe. The MCU may
be configured to analyze a high-speed pressure transient pro-
file of the pressure sensor to detect the burst. Also, the MCU
may be configured to wake the DSP when a burst is detected.
In addition, the sensor assembly may further comprise a
temperature sensor. The leak detector described above may
have a sensor assembly that is configured to detect acoustic
signals from water pipes having a diameter greater than
twelve inches. In other embodiments, the sensor assembly
may be configured to detect acoustic signals from water pipes
having a diameter less than twelve inches.

[0152] The at least one printed circuit board mentioned
above may be further configured to support a communication
device for wirelessly communicating acoustic signals to a
host. The at least one printed circuit board may comprise a
first circuit board and a second circuit board, the first circuit
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board configured to support the MCU and DSP, and the sec-
ond circuit board configured to support the communication
device.

[0153] The DSP may be configured to convert the acoustic
signals to the time domain using a Fast Fourier transform
process. The sensor assembly may comprise at least a hydro-
phone that continually senses acoustic signals. The MCU
may be configured to correlate acoustic waveforms associ-
ated with events unrelated to leaks in order to remove any
presence of the correlated waveforms from the sensed acous-
tic signals. One method for correlating acoustic waveforms
may involve sampling a particular area during high traffic
times of day, using Fourier Transforms to understand which
frequencies spike at which times of the day, and filtering out
these frequencies from the associated signal. Other methods
known in the art or developed in keeping with other aspects of
this application of one of skill in the art may be utilized to
provide this correlation. The leak detector may further com-
prise memory for storing the acoustic signals and a power
source configured to provide power to the processing device.
[0154] According to a method for detecting leaks, one
embodiment includes placing a digital signal processor
(DSP) in a sleep mode, wherein the DSP is incorporated in a
leak detector. The method also includes determining whether
a request is received from a host to awaken the DSP and
awakening the DSP when the request is received. Also, it is
determined whether an urgent event related to a leak in a
water main has been detected by a microcontroller unit
(MCU) and awakening the DSP when the urgent event is
detected. The method also includes enabling the DSP to ana-
lyze acoustic signals when awakened.

[0155] Awakening the DSP as mentioned above comprises
the step of turning on a processor of the DSP. Turning on the
processor of the DSP may comprise utilizing a real time clock
to turn on the processor. The method may further comprise the
step of forwarding the analyzed acoustic signals to a commu-
nication device for communication to the host.

[0156] As stated earlier, piezoelectric material must be
accurately and repeatably punched to effect a predictable
response curve. As such, FIG. 31 displays the punching jig
1200 for punching mounting holes in sensors 150,150'. The
jig 1200 includes a support 1210, a cup 1220, and a punch
1230.

[0157] Referring to FIGS. 32 and 33, the cup 1220 is gen-
erally cylindrical in shape. The cup 1220 includes a cylindri-
cal recess 1310 and a bore 1320. Although all features of the
cup 1220 are cylindrical and/or circular in cross-section in the
current embodiment, other configurations are considered
included in this disclosure. As seen in the view of FIG. 33, the
recess 1310 and bore 1320 are approximately a constant
diameter for their entire depth in the current embodiment.
Stated differently, neither the recess 1310 nor the bore 1320
include any taper, although a taper may be found in some
embodiments. Dimensions included in the current figures
should not be considered limiting on the disclosure, as any
dimensions sufficient to perform the described function are
considered included in this disclosure. The dimensions
included are for illustration only and provide but one possible
configuration.

[0158] FIG. 34 displays the support 1210". FIG. 35 displays
the support 1210. Each support 1210,1210' includes a sensor
recess 1810 sized to accept vibration sensor 150. A bore 1820
is located centrally to the sensor recess 1810. A cutout 1830 is
located in the side of the support 1210,1210'. Because the
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vibration sensor 150 is provided with electrical leads (such as
leads 157a,b) attached to its outer edge, the cutout 1830
provides clearances so that the leads 1574,6 will not be
crushed inside the jig 1200. The support 1210' includes a
relief edge 1840 between the sensor recess 1810 and the
cutout 1830 so that the leads 157a,b are not exposed to any
sharp edges. Although a flat cutout 1830 is included in the
current embodiment, any type of cutout 1830 may be
included in various embodiments so long as the cutout 1830
provides clearance for the leads 1574,5.

[0159] As can be seen with reference to FIG. 35, the bore
1820 includes an upper portion 1910 and a lower portion
1920. The upper portion 1910 includes approximately the
same diameter as the bore 1320. The lower portion 1920
includes a larger diameter than the bore 1320. It should also
be noted that the support 1210 includes a taper to the outside
edge, such that the bottom of the support 1210 is smaller in
diameter or footprint than the top of the support 1210. The
punch 1230 is shown in FIG. 36. The punch 1230 includes a
head 2310 and a shaft 2320. A punching edge 2330 is
included at the bottom of the shaft 2320. The punching edge
2330 is designed to be sharp to effect a clean cut on the
piezoelectric sensors 150. The shaft 2320 is of a diameter
slightly smaller than the diameter of the bore 1320 and the
upper portion 1910. The diameter of the head 2310 is larger
than the diameter of the shaft 2320 which fits into the bore
1320. This can be seen in FIGS. 37 and 38. The diameter of
the head 2310 is larger than the diameter of the bore 1320 to
retain it against the jig 1200.

[0160] Referring back to FIG. 31, the jig 1200 is assembled
with the punch 1230 inserted into the bore 1320. To create a
mounting hole 158 in vibration sensor 150, one vibration
sensor 150 without a mounting hole 158 is placed in the
sensor recess 1810. The sensor recess 1810 is sized to hold the
vibration sensor 150 in a specific alignment to effect a precise
bore in the vibration sensor 150 when punched. The leads
157a,b of the vibration sensor 150 are aligned with the cutout
1830 and fed down the side of the support 1210. The cup 1220
is placed over the support 1210 and the vibration sensor 150.
The vibration sensor 150 is supported along its entire bottom
surface by the support 1210 and is held in place by the pres-
sure of the cup 1220. Because piezoelectric material may be
extremely brittle, the support placed along the entire bottom
surface aids in preventing fracture of the piezoelectric mate-
rial.

[0161] To effect a bore such that a mounting hole 158 is
created, the punch 1230 is first inserted into the bore 1320.
Because it is a tight fit, the punch 1230 is located precisely in
the center of the vibration sensor 150. Quick, high-force
pressure is applied to the punch 1230. The punching edge
2330 comes in contact with the vibration sensor 150, thereby
forcing it through the vibration sensor 150 and creating
mounting hole 158 in the sensor 150. The punch 1230 con-
tinues through the upper portion 1910 and is sized so that
punching edge 2330 will extend through the upper portion
1910 and into the lower portion 1920. This gives the blank
created as a byproduct of the punching clearance to fall out of
the jig 1200. Although the disclosure refers to punching a
vibration sensor 150 that is produced at low cost, various
materials may be used for the vibration sensor 150 or for
various other sensors in accord with this disclosure. This
disclosure contemplates that one of skill in the art may both
create the sensor (through deposition of piezoelectric mate-
rial and a conductor on a base) and punch mounting holes in
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one process. Nothing in this disclosure is intended to suggest
that these steps must be performed by multiple actors. Addi-
tionally, a mounting hole may be included prior to the depo-
sition of piezoelectric material or conductor on the base.
[0162] This disclosure represents one of many possible
assembly configurations. One skilled in the art will under-
stand obvious variations of this disclosure are intended to be
included, including variations of steps, combinations of steps,
and dissections of steps, among others. Where materials are
chosen for the elements of this assembly, similar material
choices may also be used and would be obvious to one in the
art.

[0163] One should note that conditional language, such as,
among others, “can,” “could,” “might,” or “may,” unless spe-
cifically stated otherwise, or otherwise understood within the
context as used, is generally intended to convey that certain
embodiments include, while other embodiments do not
include, certain features, elements and/or steps. Thus, such
conditional language is not generally intended to imply that
features, elements and/or steps are in any way required for
one or more particular embodiments or that one or more
particular embodiments necessarily include logic for decid-
ing, with or without user input or prompting, whether these
features, elements and/or steps are included or are to be
performed in any particular embodiment.

[0164] It should be emphasized that the above-described
embodiments are merely possible examples of implementa-
tions, merely set forth for a clear understanding of the prin-
ciples of the present disclosure. Any process descriptions or
blocks in flow diagrams should be understood as representing
modules, segments, or portions of code which include one or
more executable instructions for implementing specific logi-
cal functions or steps in the process, and alternate implemen-
tations are included in which functions may not be included or
executed at all, may be executed out of order from that shown
or discussed, including substantially concurrently or in
reverse order, depending on the functionality involved, as
would be understood by those reasonably skilled in the art of
the present disclosure. Many variations and modifications
may be made to the above-described embodiment(s) without
departing substantially from the spirit and principles of the
present disclosure. Further, the scope of the present disclo-
sure is intended to cover any and all combinations and sub-
combinations of all elements, features, and aspects discussed
above. All such modifications and variations are intended to
be included herein within the scope of the present disclosure,
and all possible claims to individual aspects or combinations
of elements or steps are intended to be supported by the
present disclosure.

[0165] Various implementations described in the present
disclosure may include additional systems, methods, fea-
tures, and advantages, which may not necessarily be
expressly disclosed herein but will be apparent to one of
ordinary skill in the art upon examination of the detailed
description and accompanying drawings. It is intended that
all such systems, methods, features, and advantages be
included within the present disclosure and protected by the
accompanying claims.

What is claimed is:

1. A leak detection structure for attachment to a fire
hydrant, the leak detection structure comprising:

an enclosure, the enclosure defining a cavity internal to the
enclosure; and
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aleak detection subassembly located in the cavity, the leak
detection subassembly including:
at least one leak detection sensor; and
at least one circuit.

2. The leak detection structure of claim 1, wherein the
enclosure is an enclosure assembly including a primary
enclosure and a mating enclosure connected to the primary
enclosure.

3. The leak detection structure of claim 2, wherein the
primary enclosure defines the cavity, wherein the cavity is
open on one side of the primary enclosure, and wherein the
mating enclosure is connected to the primary enclosure on the
open side of the cavity such that the mating enclosure sub-
stantially seals the interior of the enclosure from the exterior
of the enclosure.

4. The leak detection structure of claim 2, further compris-
ing at least one circuit arranged in the cavity and at least one
vibration sensor coupled to the enclosure.

5. The leak detection structure of claim 4, wherein each at
least one circuit is encased in potting and wherein each vibra-
tion sensor is not encased in potting.
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6. The leak detection structure of claim 4, further compris-
ing at least one battery.

7. The leak detection structure of claim 6, wherein the at
least one battery arranged in a cavity of the mating enclosure
and wherein the at least one battery is encased in potting.

8. The leak detection structure of claim 7, wherein the at
least one battery is removably connected to the at least one
circuit.

9. The leak detection structure of claim 1, further compris-
ing an antenna in electrical communication with the at least
one circuit.

10. The leak detection structure of claim 9, wherein the
antenna protrudes from the enclosure.

11. The leak detection structure of claim 10, wherein an
antenna cable connects the antenna to the at least one circuit.

12. The leak detection structure of claim 1, wherein the
enclosure includes threading for attachment to enclosure
threading of the fire hydrant.



